The effects of temperature, time, and the additions of magnesium and copper on the wetting behavior of Al/TiC are studied theoretically. Mathematical formula is presented in explicit form. The effect of each variable is investigated by using the obtained equation. It is observed that the time and temperature have a stronger effect on the wetting of TiC in comparison to other input parameters. The proposed model shows good agreement with test results and can be used to find the wetting behavior of Al/TiC. The findings led to a new insight of the wetting process of TiC.
Introduction
One of the most important phenomena is the wetting of ceramic particles by molten metals, when metal matrix nanocomposites (MMNCs) are produced. During the processing stages of MMNCs, the wetting behavior plays an important role in the evolution of the microstructure and mechanical properties [1] . Titanium carbide (TiC) is an attractive reinforcing phase because of high chemical and thermal stability, extremely high hardness, low density, high melting point, and low coefficient of thermal expansion [2] .
Wettability studies usually include the measurement of contact angles, which indicates the degree of wetting when a solid and a liquid interact. While large contact angles (>90 ∘ ) correspond to low wettability, small contact angles (<90 ∘ ) correspond to high wettability [3] . The wetting of ceramic particles by molten metals usually includes interfacial reactions [4] . The transfer and distribution of the load from the matrix to the reinforcement come true with a strong interfacial bonding. The interface reaction is dependent not only on temperature but also on time, the composition of the liquid, the volume of the liquid drop, and the size of the reaction zone. A change in any of these parameters will result in a change in the wetting process [5] . For example, if the temperature, time, and composition of the molten metal are changed, how does the wettability vary? Experimentally, this phenomenon is costly and time consuming. In many studies, the mathematical formulation is derived by researchers to reduce cost and save time [6] [7] [8] [9] [10] .
The aim of this study is to investigate the effects of temperature, time, and chemical composition on the wettability of Al/TiC and to obtain an explicit formulation. For this purpose, the contact angles were formulated by using MATLAB program.
Experimental Procedures
An extensive literature survey is performed for available experimental results [11] [12] [13] [14] . The experimental results are divided in two sets, train and test data sets. The data sets for train and test are randomly selected from among experimental results where 94 sets are train set and 40 sets are test set, as shown in Tables 1 and 2 , respectively. The input variables are temperature ( ), time, aluminum (Al), magnesium (Mg), and copper (Cu) and the output variable is the contact angle ( ). Each input variable is scaled to the range of 0 to 1 by the following formula: on reverse method of normalization technique [15] . The unnormalized method is as
MATLAB neural network (NN) toolbox is employed for the network training. Backpropagation (BP) learning algorithm with sigmoid function (Levenberg-MarquardtTrainlm), the most popular and effective supervised learning method, is used for training stage [16, 17] .
Results and Discussion
One of the most important duties in NN works is the determination of layer numbers and neurons in the hidden layers. There is no well-defined procedure to find the optimal parameter settings and network architecture. The trial and error approach is used to determine the number of neurons in the hidden layer. The various neuron numbers (5-15) and hidden layers (1 and 2) are used in this study. It is observed that the optimal NN architecture is found to be 5-7-1 NN architecture, as shown in Figure 1 . Figure 2 shows the correlation of NN and test data for train and test sets.
2 values of train and test sets are 0.8311 and 0.8146, respectively.
2 value compares the accuracy of the model and a high 2 value ( 2 = 1) tells that all points lie exactly on the curve with no scatter and the result has a perfect correlation [18] . It is clear that all 2 values are higher than 0.81 and the proposed model has high accuracy. In all stage of NN work, the effects of the temperature, time, and percent weights of Mg and Cu elements on the wetting behavior of Al/TiC are quantified. It is clear from Figure 2 that there are deviations between the experimental and theoretical results. It is normal that the deviations are observed in NN works. These can be attributed to the formation and volume fraction of the oxides and variation in experimental conditions. It is well known that the wettability of ceramic surfaces by metals and alloys is affected by some parameters such as time, temperature, composition, volatilization of Mg, oxides (MgO, MgAl 2 O 4 , Al 4 C 3 , and Al 2 O 3 ), and volume fraction of the oxides [11, 19] . It is difficult to estimate the effect of each parameter on the wettability and it needs extensive studies. Nevertheless, " 2 , " shown in Figure 2 , and " , " shown in Table 3 , values of training and test sets, indicate that the learning ability of NN is well enough. Figure 3 demonstrates the sensitivity of input vectors on the wettability of Al/TiC system. The different methods are used in order to estimate the sensitivity analysis [20] . A sensitivity analysis is done using the system to identify the effects of input parameters and their degree of importance on the output parameter. The training data set are used to estimate the sensitivity. It is well known that increasing data used in training process of NN enhances the ability of NN. The basic idea of the analysis is that the input variables are shifted slightly and the corresponding change in the output is reported as a percentage. So, the relationship between the inputs and outputs of the network is revealed. As mentioned before, wetting behavior is affected by some parameters such as time, temperature, composition, volatilization of Mg, oxides (MgO, MgAl 2 O 4 , Al 4 C 3 , and Al 2 O 3 ), and volume fraction of the oxides. According to the done sensitivity analysis, it is observed that the time and temperature have a dominant effect on the wettability. In other words, any change in time and temperature in comparison to Mg and Cu levels will have significantly affected the wettability.
The performance of the model is evaluated by the correlation coefficient ( ) as in the following expression [21] :
Mean absolute error (MAE) is used as error evaluation criteria in order to facilitate the comparisons between predicted values and desired values according to the following equation:
where is the total number of the data and and̂are the experimental value and predicted output values from NN model for a given input, respectively.
The statistical parameters of train and test data sets are shown in Table 3 . The correlation coefficients and MAE in train and test sets are 0.911 and 0.903 and 9.090 and 10.205, respectively. A high value means that the model has high accuracy. The proposed model is in good agreement with the experimental data and all the errors are within acceptable ranges.
Formulation of the Model.
The main aim is to obtain the explicit formula of the wettability as a function of input variables. The contact angle ( ) is determined by using the formula 
where 1, 2, 3, 4, and 5 are normalized values of temperature, time, Al, Mg, and Cu (wt.%), respectively.
It should be noted that the explicit formulation is valid for the proposed ranges. The contact angles of Al, Mg, and Cu are 119, 125, and 130, respectively [22] [23] [24] . For example, by using the designed equation, it is calculated that the contact angle value of Al-1Mg-5Cu alloy at 1000 ∘ C and 60 minute is 44.5 ± 4. It can be said that the wettability between TiC and Al matrix with Mg and Cu can be predicted by the advanced model with 90% accuracy.
Conclusion
In this work, the explicit mathematical formula is derived from NN model. The model has a high reliability rate and shows good agreement with experimental results. The mean absolute error for predicted values does not exceed 10.5%. The sensitivity analysis of the developed model demonstrated that the time and temperature are the significant variables in affecting the wettability. The results also showed that the wetting of TiC by Al alloy with Mg and Cu can be predicted with 90% accuracy. Hence, it is concluded that the model is a successful and advantageous analytical tool for determining the wettability with considerable saving in cost and time.
